This study compared second-generation chimeric antigen receptors
Introduction
The creation of tumor-specific T lymphocytes by genetic modification to express chimeric antigen receptors (CAR) is gaining traction as a form of synthetic biology generating powerful antitumor effects (1) (2) (3) (4) (5) (6) . Because the specificity is conferred by antibody fragments, the CAR T cells are not MHC-restricted and are therefore more practical than approaches based on T-cell receptors (TCR) that require MHC matching.
Clinical data from patients treated with CD19-specific CAR þ T cells indicate that robust in vivo proliferation of the infused T cells is a key requirement for immunoablation of tumors (7, 8) . Therefore, efforts have been made to incorporate the signaling endodomains of costimulatory molecules, such as CD28, ICOS, OX40, and 4-1BB, into CARs. It was first reported in 1998 that the use of gene-engineered T cells expressing chimeric single-chain (scFv) receptors capable of codelivering CD28 costimulation and TCR/CD3 zeta chain (CD3z) activation signals increased the function and proliferation of CAR T cells (9) . A number of laboratories have confirmed that incorporation of CD28 signaling domains enhances the function of CARs in preclinical studies compared with CD3z or FceR1. In a study in patients with B-cell malignancies, CD28: CD3z CARs had improved survival compared with CARs endowed only with the CD3z signaling domain (5) .
Here, we report the unexpected finding that expression of some CARs containing CD28 and CD3z tandem signaling domains leads to constitutive activation and proliferation of the transduced primary human T cells. The CAR T cells that we have identified have constitutive secretion of large amounts of diverse cytokines and consequently do not require the addition of exogenous cytokine or feeder cells to maintain proliferation. This result was surprising because in numerous previous reports that described CARs endowed with CD28 domains (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) , the proliferation of such tandem CARs has been ligand dependent, and required restimulation of the CAR T cells to maintain proliferation. Here, we report that one mechanism that can result in the phenotype of CARs with continuous T-cell proliferation is the density of CARs at the cell surface.
Materials and Methods

Construction of lentiviral vectors with differing eukaryotic promoters and CARs
Supplementary Fig. S1A shows schematic diagrams of the CARs used in this study. All CARs contain an scFv that recognizes either human CD19, mesothelin, or c-Met.
In vivo assessment of anti-c-Met CAR T cells
Xenograft tumors in NOD-SCID-gc À/À (NSG) mice were established by intraperitoneal injection of 0.791 Â 10 6 SK-OV3 ovarian cancer cells or subcutaneous injection of 1 Â 10 6 L55 human lung adenocarcinoma cells, transduced to express click-beetle-green. Tumor growth was measured by bioluminescent imaging. Peripheral blood was obtained from retroorbital bleeding or intracardiac puncture and was stained for the presence of human CD45 þ T cells. The human CD45 þ population was quantified using TruCount tubes (BD Biosciences). All experiments were performed in anonymized fashion.
Construction of deletion variants of PGK (phosphoglycerate kinase1) promoter
A series of 5 0 deletion mutations of the human PGK promoter was prepared by PCR using specific 5 0 primers with an incorporated PmeI site, indicated below, and a common 3 0 primer with an incorporated NheI site (5 0 -gtggctggagagaggggtgctagccgc-3 0 ). The PCR product was digested and then inserted into the pELNS cMet-IgG4-28z plasmid to substitute the EF-1a promoter with PGK promoter deletion mutants. PGK100, PGK200, PGK300, and PGK400 encompass from nucleotides À38, À141, À243, and À341 of transcription start site of PGK to þ84, respectively. Construction and characterization of CARs Lentiviral vectors from previously published work were used to express the anti-CD19 FMC63 CD8a (29) , the anti-mesothelin SS1 CD8a, and the anti-mesothelin SS1 CD8a Dtail CAR constructs (30) . The c-Met 5D5 IgG4 construct was used as a template to generate the SS1 IgG4 and CD19 IgG4 CAR constructs through PCR splicing and overlap extension. Restriction sites were introduced via PCR primers, which allowed for cloning into third-generation self-inactivating lentiviral plasmids. The cytomegalovirus (CMV) and elongation factor-1a (EF-1a) promoter sequences were amplified via PCR from previously constructed plasmids and introduced into preexisting CAR-containing constructs (29) using standard molecular biology techniques.
Microarray studies Sample collection. Human CD4 þ T cells from 3 healthy donors were stimulated and transduced with either the c-Met IgG4 or CD19 CD8a CAR construct. Cell pellets were collected and frozen on day 0 before stimulation, days 6 and 11 at rest down for all samples, and on day 24 for the c-Met IgG4 CAR.
Microarray target preparation and hybridization. Microarray services were provided by the University of Pennsylvania Microarray Facility, including quality control tests of the total RNA samples by Agilent Bioanalyzer and NanoDrop spectrophotometry. All protocols were conducted as described in the Affymetrix GeneChip Expression Analysis Technical Manual. Briefly, 100 ng of total RNA was converted into first-strand cDNA using reverse transcriptase primed by poly(T) and random oligomers that incorporated the T7 promoter sequence. Second-strand cDNA synthesis was followed by in vitro transcription with T7 RNA polymerase for linear amplification of each transcript, and the resulting cRNA was converted into cDNA, fragmented, assessed by Bioanalyzer, and biotinylated by terminal transferase end-labeling. cRNA yields ranged from 36 to 89 mg, and cDNA was added to Affymetrix hybridization cocktails, heated at 99 C for 5 minutes, and hybridized for 16 hours at 45 C to Human Gene 1.0ST GeneChips (Affymetrix Inc.). The microarrays were then washed at low (6Â SSPE) and high (100 mmol/L MES and 0.1 mol/L NaCl) stringency and stained with streptavidin-phycoerythrin. A confocal scanner was used to collect fluorescence signal after excitation at 570 nm.
Initial data analysis. Affymetrix Command Console and Expression Console were used to quantify expression levels for targeted genes; default values provided by Affymetrix were applied to all analysis parameters. Border pixels were removed, and the average intensity of pixels within the 75th percentile was computed for each probe. The average of the lowest 2% of probe intensities occurring in each of 16 microarray sectors was set as background and subtracted from all features in that sector. Probe sets for positive and negative controls were examined in Expression Console, and facility quality control parameters were confirmed to fall within normal ranges. Probes for each targeted gene were averaged and interarray normalization performed using the robust multichip average (RMA) algorithm.
Analysis of terminal telomeric restriction fragment lengths
Telomeric restriction fragment length analysis was performed essentially as described previously (31) . Briefly, 2 mg of genomic DNA was digested with RsaI þ HinfI and resolved on a 0.5% agarose gel, which was then dried and probed with a 32 P-labeled (CCCTAA)4 oligonucleotide. After washing, the samples were visualized with a Phosphor imager.
Accession numbers
Microarray data was deposited in the Gene Expression Omnibus (GSE64914).
Statistical analysis
Raw data obtained from the microarray core were normalized with RMA. Analysis was performed using a three-way mixed model ANOVA with factors being sample date, treatment group, and donor ID. An interaction term between sample and collection date was added. In conjunction with the multiple pair-wise comparisons, the P value and fold change were determined. For all P values, we calculated the FDR-corrected P value using the method of Benjamini and Hochberg as implemented by Partek Genomic Suite (Partek). For transcription factor and cytokine dot plots, the normalized absolute log 2 gene expression intensities were plotted. Cluster analysis was performed using Euclidean distance of median normalized log 2 gene expression intensities with average linkage. All growth curves, mean fluorescence intensity, and engraftment plots were plotted using Prism (GraphPad Software). All error bars are representative of standard deviation. A two-tailed Mann-Whitney test was performed for the in vivo engraftment studies.
Additional methods are described in the Supplementary Data.
Results
Construction and characterization of CARs
A plethora of CARs has been generated that expresses CD28 and CD3z downstream of antibody fragments that mediate surrogate antigen recognition (12) (13) (14) (15) (16) (17) (18) (20) (21) (22) (23) (24) (25) (26) (27) (28) . Given that these transgenes were constructed differently and by different investigators at different institutions, it remains unknown how these CARs would perform using a common expression system and a standardized culture system that has been optimized for clinical use. Therefore, a set of 12 CARs targeting c-Met, mesothelin, and CD19 was expressed in primary human T cells ( Supplementary Fig. S1A and S1C). The CARs encoded IgG4 or CD8a hinge domains, CD28, ICOS, or CD8a transmembrane domains and the signaling domains were composed of CD28, 4-1BB, ICOS, and CD3z. A CAR with a truncated signaling domain, and CART19, a CD19 4-1BB:CD3z CAR used in a previous clinical trial (7), served as controls. All CARs were expressed constitutively using an EF-1a promoter, and in a typical experiment 50% of the cells initially expressed the CAR and had similar levels of expression on the surface by day 6 after transduction ( Supplementary Fig. S1B ). The c-Met CAR T cells had specific and potent cytotoxicity (Supplementary Fig. S2 ), and previous studies have shown that the CARs specific for CD19 and mesothelin have similarly potent effector functions (29, 30) .
CARs with CD28 and CD3z can induce constitutive T-cell proliferation
Previous studies suggested that antitumor effects after CAR T-cell infusions require sustained expansion of CAR T cells in vivo after adoptive transfer (8) . To determine the proliferative capacity of the CAR T cells, CD4 þ T cells were activated with anti-CD3 and anti-CD28 beads, transduced with the lentiviral vector encoding the CAR, and then propagated without further stimulation in the absence of exogenous cytokines or feeder cells. Unexpectedly, we observed constitutive proliferation of some of the CAR T-cell populations (Fig. 1A, left) . Exponential growth was observed for 60 to 90 days in CAR T cells transduced with the c-Met IgG4 construct encoding the CD28 and CD3z signaling domains ( Fig. 1A and B) . Similarly, the T cells expressing the anti-mesothelin SS1:IgG4 and SS1:CD8a CARs that signaled through chimeric CD28 and CD3z domains also had sustained proliferation that was independent of supplementation with exogenous growth factors. We also observed long-term proliferation of CD8 þ T cells that was independent of antigen stimulation and did not require the addition of exogenous cytokines or feeder cells (Fig. 1C) . To minimize experimental variables, we used bulk CD4 þ T cells for most of the experiments in this study. The cultures with the noncontinuous CAR T-cell populations had an initial period of exponential proliferation at the same rate, and after day 10, a decreasing rate of growth followed by death of the culture within 20 days (Fig. 1A and B) . Notably, in the absence of exogenous IL2, the CD19 CARs expressing the 4-1BB domain returned to a resting state with similar kinetics as that of the CD19:28z CAR T cells (Fig. 1E) . This expected pattern of initial growth followed by a return to a resting state by CD19 CARs and the mock-transduced cells has been reported by our laboratory and others (15, 21, 24, 29, 32) . For simplicity and clarity, the CAR constructs that induce constitutive proliferation are henceforth referred to as "continuous CARs," while the CARs that exhibit inducible proliferation similar to that described in previous reports are referred to as "noncontinuous CARs."
The mean cell volumes were monitored at frequent intervals as a measure of metabolic status and cell cycle ( Table S1 ). However, activated T cells, either mock-transduced or transduced with a continuous CAR and cultured under conditions that lead to long-term growth expressed very low but detectable transcripts specific for c-Met, while mesothelin transcripts remained undetectable. Given that both c-Met and mesothelin-specific CARs displayed the continuous growth phenotype, the low level of cMet expression in activated T cells is unlikely to be necessary for the sustained growth of T cells. In addition, the absence of fratricide in the cultures is consistent with ligand-independent continuous growth. Finally, the results described above were replicated in T cells obtained from at least 10 different healthy donors.
Signaling CD28 and CD3z domains is required for constitutive CAR T-cell proliferation
To determine the contribution of signaling to the observed phenotype, we constructed a series of CARs that were identical except that the endodomain was replaced with ICOS, 4-1BB, CD28, and CD3z only ( Supplementary Fig. S1 ). When T cells were transduced with lentiviral vectors encoding these CARs, only the c-Met IgG4 28z CAR T cells exhibited continuous proliferation (Fig. 1D) . Given that the scFv was held constant in these experiments, signaling from the CD28 transmembrane and cytosolic domain is required for the phenotype.
Constitutive expression of IL2 and a diverse array of cytokines and chemokines
To our knowledge, the observation that CARs can mediate longterm constitutive proliferation of primary T cells has not been reported previously. To begin to understand the mechanism leading to constitutive proliferation, we first determined the levels of various cytokines and other immune-related factors in the supernatants from the cultures that might be sustaining their unusual longevity. Analysis at the protein level revealed that the culture supernatants from continuous CARs contained high levels of cytokines characteristic of both Th1 and Th2 CD4 þ T cells (Fig. 2) . In contrast, the supernatants of noncontinuous CAR T cells had low levels of cytokines that decreased with time of culture. The differences were large in magnitude, as the cytokine concentrations in the supernatants of continuous CARs were 100 to >1000-fold higher than those in the noncontinuous CAR cultures. The cytokines likely contributed to the proliferation because transfer of day 56-conditioned medium from continuous CAR T-cell cultures induced activation of unstimulated na€ ve CD4 þ T cells ( Supplementary Fig. S4 ). These results were confirmed at the transcriptional level, with prominent expression of transcripts for IFNg, TNFa, IL2, IL4, IL13, IL3, and GM-CSF in cells (Fig. 3) . Consistent with this finding, we observed that continuous CAR T cells outgrew normal T cells in cultures that were initially composed of mixtures of CAR T cells and T cells that did not express CARs (Fig. 4A) . In addition to the sustained transcription and secretion of cytokines and chemokines, continuous CAR CD4 þ T cells had elevated levels of Granzyme B and Perforin (Fig. 3) , consistent with the potent cytotoxic effector function that was observed ( Supplementary Fig. S2 ) and reported (30) . The growth was not driven by fetal growth factors because the continuous CAR phenotype occurred in culture medium supplemented with human serum as well as with fetal bovine serum (Supplementary Fig. S5 ).
Molecular signature of constitutive CAR T-cell proliferation
We performed gene array analysis to investigate the mechanism leading to long-term CAR T-cell proliferation. The molecular signature of key transcription factors and genes involved in T-cell polarization, growth, and survival is shown in Supplementary Fig.  S6 . The master transcription factors T-bet (TBX21), Eomes, and GATA-3 were induced and maintained at high levels in the continuous CAR CD4 þ T cells. In contrast, FOXP3 and RORC were expressed at comparable levels in continuous CAR T cells, untransduced activated T cells, and in CAR T cells with the noncontinuous proliferative phenotype. As early as day 11, BclxL was highly expressed in continuous CAR T cells compared with the noncontinuous CAR and other control T-cell populations (P < 0.001), suggesting that resistance to apoptosis as well as enhanced proliferation contributes to the long-term proliferation of CAR T cells. The day 11 microarray samples were derived from cells that were >90% CAR-positive. Consistent with their substantial proliferative capacity, continuous CAR T cells maintained low-level expression of KLRG1, a gene often expressed in terminally differentiated and senescent CD4 þ T cells (34) .
Hierarchical clustering analysis of the microarray dataset indicates that the CAR T cells with constitutive T-cell proliferation have a unique molecular signature (Supplementary Fig. S7 ). It is notable that by day 11, cMet IgG4 28z CAR T cells with the long-term growth phenotype closely cluster in the dendrogram. In contrast, na€ ve T cells were most closely related to untransduced T cells and noncontinuous CARs on day 11 of culture (Supplementary Fig. S7) . Similarly, fully activated day 6 T cells from all groups cluster together, while T cells expressing the continuous CAR constructs diverge by day 11 to display a unique RNA signature that differs from that of untransduced or noncontinuous CAR T cells (Supplementary Fig. S8) . The differentially expressed genes in the continuous CAR (c-Met IgG4) and noncontinuous CAR (CD19 CD8a) T cells were plotted as a heatmap to depict the relationship of the two populations (Fig. 5) . When analyzed using a stringent 5-fold cutoff on day 11 of culture, 183 genes were upregulated and 36 genes were downregulated in continuous CARs compared with the noncontinuous CAR T cells. A list of the differentially expressed genes is presented in Supplementary Tables S2 and S3 . Most notably the continuous CAR T cells are enriched for genes related to control of the cell cycle and a diverse group of cytokines.
Constitutive signal transduction by continuous CARs
To further investigate the mechanisms of the continuous CARdependent and ligand-independent T-cell growth, we interrogated the canonical signal transduction pathways that are implicated in T-cell activation and growth (Fig. 4B) . T cells expressing noncontinuous or continuous CARs had similar levels of phosphorylation on AKT, ERK1/2, NF-kB p65 (RelA), and S6 on day 6 of culture. In contrast, only the continuous CAR T cells had sustained activation of AKT pS473, ERK1/2 pT202 and pY204, and RelA pS529 at days 10 and 25 of culture. However, the expression of continuous CARs in cells had only a minor effect on S6 pS240 phosphorylation, indicating that the expression of CARs do not lead to universal activation of T-cell signaling pathways. Constitutive signal transduction together with sustained cytokine secretion indicate that both cell intrinsic and extrinsic effects of CARs can lead to the long-term expansion of primary human T cells.
In the experiments described above, primary human T cells were subjected to a single round of activation with anti-CD3 and anti-CD28 beads, and then followed in culture without the addition of exogenous cytokines. This method of culture was chosen because it has been used in clinical trials, and the initial activation is necessary to mediate high-efficiency transduction of CARs. To determine whether the initial activation of T cells by anti-CD3 and anti-CD28 signaling is required for the subsequent constitutive signaling by CARs, we expressed various CARs in a Jurkat T-cell line that stably expresses GFP under the control of the NFAT promoter (Supplementary Fig. S9 ). The cells were analyzed 3 days after transduction; only the continuous CARs as classified by the growth phenotype in primary T cells, led to constitutive NFAT activation in Jurkat cells. This effect was cell intrinsic as only the Jurkat cells that expressed CARs on the surface had GFP expression. In contrast, expression of noncontinuous CARs (SS1 CAR with a truncated cytosolic domain and the CD19 CARs) did not lead to constitutive NFAT activation in Jurkat cells.
Level of surface expression contributes to continuous CAR T-cell phenotype
In previous studies, we showed that CARs expressed under the control of different eukaryotic promoters in primary T cells had (10) fold change from the prestimulated cells (baseline). Baseline values (pg/mL) for each analyte were as follows: IFNg, 5 pg/mL; TNFa, 2 pg/mL; IL2, 1 pg/mL; GM-CSF, 15.25 pg/mL; IL13, 1 pg/mL; and IL10, 1 pg/mL. The design of the CAR constructs is shown in Supplementary  Fig. S1 .
Constitutive CAR T- (29) . To determine whether the level of surface expression contributes to the continuous CAR phenotype, the initial experiments were conducted using the EF-1a or CMV promoters to express the CARs, resulting in a higher or lower expression (Fig. 6C) . By day 9 of culture, there was a 5-fold reduction in surface expression of the CAR driven by the CMV promoter. As in previous experiments, the c-Met CAR displayed a continuous phenotype when under the control of EF1a. In contrast, the same CAR reverted to a noncontinuous CAR phenotype when expressed under the control of the CMV promoter ( Fig. 6A and B) .
To explore the contribution of CAR expression to continuous phenotype, we constructed a panel of promoters driving surface expression that varied by 10-to 20-fold ( Supplementary Figs. S10 and S1D) using a series of PGK truncation mutants. The growth characteristics of c-Met IgG4 28z CAR T cells were compared with the same CAR expressed with the EF-1a promoter ( Supplementary  Fig. S10 ). In both CD4 þ and CD8 þ T cells, the c-Met IgG4 28z
CAR was continuous when driven by EF-1a and noncontinuous when driven by the PGK100 truncation mutant ( Supplementary  Fig. S10A and S10B). However, bright surface expression is necessary but not sufficient for the continuous CAR phenotype because, as shown in Fig. 1 , when the CD19 CARs are expressed at similar levels using the EF-1a promoter they display the noncontinuous CAR phenotype. This result suggests that structural characteristics of the particular scFv, in addition to constitutive signaling through CD28, contribute to the continuous CAR phenotype. constitutive or CD19 CD8a nonconstitutive CARs as previously described. On days 6, 10, and 25, cells were fixed, permeabilized, and stained using PE anti-Erk1/2 (pT202/pY204), PE anti-Akt (pS473), PE anti-NF-kB p65 (pS529), and PE anti-S6 (pS235/pS236); the CD19 CD8a CAR culture did not continue to proliferate to day 25, and therefore is only analyzed on days 6 and 10. Positive controls were samples from each condition stimulated for 10 minutes using PMA/Ionomycin before fixation, while negative controls were fully stimulated T cells stained using PE-conjugated IgG2b k isotype control. The design of the CAR constructs is shown in Supplementary Fig. S1 . Supplementary Fig. S1 .
Continuous CARs induce T-cell differentiation and proliferation without transformation
Polychromatic flow cytometry was used to characterize CAR T cells with constitutive proliferation. The expression of T-cell molecules associated with activation and differentiation was examined in cultures of cells expressing or not expressing the CAR (Supplementary Fig. S11 ). In addition, untransduced T cells were followed over time after a single round of stimulation with anti-CD3 and anti-CD28 beads (Supplementary Fig. S12 ). The results show progressive enrichment for CAR T cells, so that by day 23 of culture, essentially all cells expressed the CAR. This was associated with bright expression of CD25 at all times on the CAR T cells, whereas CD25 became undetectable by day 14 in the nontransduced companion control culture (Supplementary Fig.  S12 ). Similarly, CD70 was expressed at progressively higher frequencies in CAR T-cell culture, a feature not observed in the cancerimmunolres.aacrjournals.org Downloaded from control culture. In contrast, CD27, the ligand for CD70, was expressed in the control cultures, while CD27 progressively decreased in the CAR T-cell cultures. CD28, CD62L, and CCR7 expression was maintained in the control cultures while many of the continuous CAR T cells became dim or negative for these molecules. In contrast, PD-1 was transiently expressed in the control cultures at day 6, while the CAR T cells had a prominent subpopulation of cells that retained expression of PD-1. Finally, Crtam, a molecule associated with cell polarity regulation (35) , was induced in the continuous CAR T-cell cultures, and expression of Crtam was notably restricted to the T cells expressing CARs at the surface.
The potential for the CAR T cells to transform was assessed by long-term cultures in vitro and by transfer of CAR T cells to immunodeficient mice. The long-term cultured CAR T cells do not have constitutive expression of telomerase, as assessed by hTERT expression (Supplementary Fig. S6B ), and telomere length decreases with time in cultures of continuous CAR T cells (Supplementary Fig. S13 ). In contrast, transformed human T cells have been reported to have constitutive telomerase activity (36) . To date, in more than 20 experiments, transformation has not been observed in T cells transduced with continuous CARs. The continuous cytokine-independent polyclonal T-cell proliferation mediated by the CD28:CD3z CARs was independent of the specificity of the endogenous TCR, and was not the result of clonal outgrowth because the T-cell populations remained diverse during culture ( Supplementary  Fig. S14 ).
As a potentially more sensitive assay to detect cellular transformation, NSG mice were used, as previous studies have shown that adoptively transferred transformed and malignant T cells can form tumors in immunodeficient mice (37) . Groups of mice were infused with fully activated T cells or with continuous CAR T cells, and proliferation was assessed by quantification of T cells in the mice and effector function assessed by the induction of xenogeneic graft-versus-host disease in the mice. By day 60, xeno-reactivity (grade 1-3 xGVHD) was observed in 5 of 10 mice in the untransduced group compared with 3 of 10 in the c-Met IgG4 CAR group. Tumor formation was not observed at necropsy, and the levels of T-cell engraftment were similar (P ¼ 0.39) in mice engrafted with continuous CAR T cells or untransduced primary T cells that were stimulated with anti-CD3 and anti-CD28 (Supplementary Fig. S15 ).
Comparison of antitumor effects mediated by continuous and noncontinuous CAR T cells
To extend the above phenotypic, functional, and transcriptional studies, a series of experiments were conducted in NSG mice with advanced vascularized tumor xenografts. The human ovarian cancer cell line SK-OV3 was selected as a representative c-Metexpressing tumor. We compared the antitumor efficacy of c-Met IgG4 28z CAR T cells expressed under continuous or noncontinuous conditions using the promoter system shown in Supplementary Fig. S10 . Mock-transduced and CD19 IgG4 28z CAR T cells served as specificity controls. NSG mice bearing day 16 intraperitoneal tumors were injected intravenously with the Tcell preparations, and serial bioluminescence imaging was used as a measure of tumor growth. Surprisingly, the noncontinuous c-Met CAR T cells with the PGK100 promoter had improved antitumor efficacy compared with the EF-1a group as measured by bioluminescence and survival ( Fig. 7A and B) . Consistent with the improved antitumor effects, the engraftment and persistence of the noncontinuous PGK100 CAR T cells were better than those of the continuous EF-1a CAR T cells (Fig. 7C) . Analysis of tumors from mice with flank tumors showed that there are many more T cells infiltrating the tumors in mice with the CARs using the weaker promoter (Supplementary Fig. S16 ). In addition, the numbers of circulating CAR T cells were significantly higher when mice were treated with CARs driven by weaker rather than by stronger promoters. Together, these results suggest that efficacy of CAR T cells in vivo is a function of the density of CAR expression and that this can have a substantial impact on antitumor efficacy and persistence of CAR T cells both systemically and at the tumor site. Mice treated with the irrelevant CD19 CAR had improved survival compared with mice given no T-cell injection, consistent with an allogeneic effect. However, mice treated with the continuous c-Met CAR T cells using the EF-1a promoter were inferior in all experimental endpoints: bioluminescence, survival, and in vivo CAR T-cell persistence.
Discussion
To our knowledge, this is the first description of "continuous CARs," that is, primary T cells that exhibit prolonged exponential expansion in culture that is independent of ligand and of addition of exogenous cytokines or feeder cells. The constitutive secretion for several months of large amounts of cytokines by nontransformed T cells was unexpected. The continuous CAR T cells progressively differentiate during culture toward terminal effector cells and transformation has not been observed. The mechanism leading to the growth phenotype includes signal transduction involving canonical TCR and CD28 signal transduction pathways that is independent of cognate antigen. Another mechanism identified is the level of scFv surface expression, as CARs that expressed brightly at the cell surface had sustained proliferation, while CARs that expressed at lower levels did not exhibit sustained proliferation and cytokine secretion. Furthermore, the scFv appears to have important effects on determining the growth phenotype. We have not investigated the role of the hinge domain in these studies.
These results are notable for several reasons. The nature of the scFv has a role in the phenotype, as we have observed continuous CAR phenotype with scFvs that are specific for c-Met and mesothelin but not in the case of FMC63 that is specific for CD19. An implication of this finding is that one cannot assume that the behavior of a signaling domain coupled to a given scFv will be the same when expressed with a distinct scFv. The method of CAR expression also contributes to the growth phenotype. To date, we have not observed constitutive growth of T cells when the CARs are expressed by electroporation of mRNA or plasmids encoding Sleeping Beauty transposons (38) (39) (40) . When expressed using lentiviral vectors, we have only observed continuous growth in vectors that use the EF-1a promoter but not when driven by CMV or truncated PGK promoters. In previous studies, comparing several promoters in lentiviral vectors, we found that this promoter resulted in more stable and higher level expression in primary CD4 and CD8 T cells (29) . The particular design of the hinge and extracellular domain does not appear to have a major contribution to the continuous growth phenotype as we have observed this phenomenon with CARs that encode either the longer IgG4 hinge or the shorter CD8a scaffold. High-level expression of the CAR appears to be necessary for the continuous growth phenotype. However, high-level expression is not sufficient to induce constitutive growth, as this phenomenon is only observed when the CAR encodes the CD28 transmembrane and cytosolic domain.
As far as we are aware, this is the first report of constitutive expression of the endogenous IL2 gene in primary nontransformed T cells. Previous studies have shown that constitutive expression of IL2 and CD25 occurs under conditions that lead to transformation of T cells, most prominently in HTLV-1 infection (41). It is likely that sustained signaling of the CD28 cytosolic domain encoded by the CAR is responsible for the constitutive secretion of IL2 and numerous other cytokines. It is interesting that both HTLV-1-mediated expression of IL2 by tax and IL2 secretion driven by the endogenous CD28 pathway have been reported to be resistant to cyclosporine (42, 43) , an immunosuppressant that inhibits the calcineurin phosphatase. Consistent with the above, we have not observed constitutive proliferation of CAR T cells encoding ICOS, a signaling molecule that is closely related to CD28 (44) .
Our collective results suggest that overexpression of the CD28 transmembrane and cytosolic domains in the context of some CARs can lead to constitutive signaling. Thus, it is likely that the regulation of endogenous CD28 gene expression is a critical determinant of T-cell homeostasis, consistent with studies showing that overexpression of CD28 ligands leads to T-cell hyperplasia in mice (45) .
It is not well understood why human T cells progressively downregulate CD28 expression with age and cell division (46) . The constitutive CAR T cells maintained CAR expression at bright levels and had far more rapid downregulation of the endogenous CD28 molecule than noncontinuous CARs or nontransduced T cells. A dileucine motif in CD28 contributes to limiting expression of CARs on mouse T cells, and mutating this sequence leads to increased expression of the CAR (47) . The constitutive CAR T cells into mice (for no T cells n ¼ 2; for the rest n ¼ 8 per group) bearing intraperitoneal SKOV3 tumors preestablished for 16 days. A, bioluminescence signal was acquired every week as a surrogate for tumor growth. P < 0.01 EF-1a versus PGK100 group. B, the Kaplan-Meier analysis. Ã , P < 0.05, EF-1a versus PGK100, logrank (Mantel-Cox) test was used for statistical analysis. C, the absolute number of human CD45 þ T cells was determined in the blood on days 37 (left) and 73 (right), respectively. Only 2 mice survived in the EF-1a c-Met IgG4 28z CAR group on d73. Ã , P < 0.05. A two-tailed Student t test was used for statistical analysis. The design of the CAR constructs is shown in Supplementary Fig. S1 .
that we have tested used the wild-type dileucine motif in the CD28 endodomain.
One of the limitations of our results is that we do not yet have a complete mechanistic understanding of the properties of CAR design that result in noncontinuous CAR T-cell growth that is ligand-dependent or continuous CARs that are ligand-independent. Our data indicate that given a permissive scFv, a 5-to 10-fold change in the level of expression can lead to the continuous CAR phenotype. This may explain why other laboratories have not detected this phenomenon using other expression systems. In addition, we have not examined the role of the hinge region in these studies. Hudecek and colleagues (48) have recently compared the influence of a CH2-CH3 hinge [229 amino acids (AA)], CH3 hinge (119 AA), and short hinge (12AA) on the effector function of T cells expressing ROR1-specific CARs and concluded that T cells expressing "short hinge" CARs had superior antitumor activity when ROR1 is targeted.
The role, if any, of CAR T cells with continuous proliferation in potential clinical applications remains to be determined. We recently reported safety and clinical benefit with CD19 CARs that use the 4-1BB signaling domain (7, 8) . T cells expressing this CAR have enhanced ligand-independent proliferation (29) but do not have the long-term continuous growth phenotype that we describe in this report. CARs containing CD28 signaling domains have now been tested with safety in several clinical trials (5, (49) (50) (51) (52) . However, it is important to note that those trials expressed the CARs after manufacturing with a different cell culture system and with a retroviral vector rather than the lentiviral vector that we have used in the present work. Whether continuous CARs, such as those that we report here, would be useful and safe can only be established in future clinical trials. Overall, our present data suggest that strategies to identify CARs with a noncontinuous growth phenotype should be used to optimize antitumor efficacy and CAR persistence. 
Disclosure of Potential Conflicts of Interest
